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A Robust Adaptive Control System 
for High Performance Aircraft 
Tiauw Hiong Go* 
Nanyang Technological University 
Singapore 639798, Republic of Singapore 
ABSTRACT 
The design of a longitudinal controller to enhance the maneuverability of a 
high performance aircraft is described. Since such aircraft is often required to 
fly outside the linear aerodynamic regimes, the design is based on the nonlinear 
equations of motion. The controller is of adaptive type and it is robust with 
respect to unknown, but bounded uncertainties. The performance of the 
resulting controller is evaluated through simulations using hypothetical fighter 
aircraft parameters. The controller is demonstrated to be able to obtain good 
and consistent performances over a wide range of flight conditions. 
Introduction 
Modern high performance aircraft is often required to fly in the flight regimes 
where aerodynamic nonlinearities can no longer be neglected. Flight at high 
angles of attack is an example of such regimes. Often the capability to fly and 
perform maneuvers in such flight regimes is used as a measure of the superiority 
of a fighter. Conventional control designs, which are based on linearization of 
the dynamics of the aircraft at a representative operating point, are certainly not 
adequate to cope with the flight conditions, since the neglected nonlinearities 
become the determining factors affecting the dynamics of the aircraft. Better 
performances can be achieved by designing the flight control system based on 
the nonlinear model of aircraft dynamics [1]. 
The construction of an accurate model for the aircraft dynamics is a 
challenge. An aircraft can have several configurations depending on the mission, 
and thus the need for several dynamic representations. For example, the 
aerodynamic model of a fighter aircraft in its fully loaded configuration, with all 
its undercarriages attached on their ports, is different than in its clean 
configuration. Moreover, the environment where the aircraft is flying has been 
known to have significant effects on the dynamics. Therefore, a controller that is 
designed based on a particular condition may not perform well in other flight 
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conditions and in the worst scenario, it may result in system instability. It is very 
desirable to have a flight control system that would yield an even performance 
on any point within the flight envelope. 
The goal of the flight control system is in general to get a good if not 
optimum performance at any point within the flight envelope. Therefore, for a 
high performance aircraft with expanded flight envelope, the control design 
based on a specific operating condition of the aircraft is not adequate to achieve 
the goal. An approach that has been proposed to get a good performance in 
various flight condition is gain scheduling [2,3]. In this approach, the control 
gains are changed (usually discontinuously) depending on the operating 
condition of the aircraft. The design itself is usually based on the linearization of 
the equations of motion at several operating conditions within the flight envelope, 
hereby called the design operating conditions. The drawback of the approach is 
that there is no guarantee on its performance, or even worse, no guarantee on its 
stability when the aircraft flies outside its design operating conditions. 
Nonlinear control approaches have also been attempted for flight control 
design. In [4,5], a variable structure controller approach (e.g. sliding controller) 
is used. Using such approach, sufficient stability condition can be easily 
guaranteed for the whole possible flight conditions. The resulting performances, 
however, can vary from one flight condition to another. Adaptive control methods 
have also been attempted, for example in [6,7]. In these works, however, the 
adaptive controllers are designed based on the linear dynamic models of the 
aircraft. Hence, the controller may not work well in the flight regimes where the 
nonlinearities come into play. An approach combining some of the methods 
mentioned above has also been reported, for example [8], where the adaptive 
technique is combined with the sliding mode method. 
In [9], several different nonlinear controllers with application on complex 
aircraft control design are compared, including dynamic inversion, model predictive 
control, variable structure control, fuzzy logic, and adaptive type of controllers. 
Although each of the controllers considered has its strengths and weaknesses, 
there is no clear-cut winner. Therefore, the choice of methods to use in a control 
design is very much dependent on the problem under consideration. 
In this paper, a controller that allows an aircraft to perform agile longitudinal 
maneuvers over a wide range of operating conditions is considered. The controller 
has to be able to control the aircraft to follow specific angle of attack and pitch 
angle commands. The capability to perform such maneuver is desirable, for 
example, to orient the nose of the aircraft to track a target while flying in certain 
direction for release of weapons. The design is based on the nonlinear equations 
of motion of the aircraft. An adaptive approach, which is guaranteed to be 
stable, is used to obtain good and consistent performances over a wide range of 
flight conditions. The modification on the adaptive controller to achieve 
robustness to unmodeled dynamics is also considered. Finally, the performance 
achieved using the controller is demonstrated through simulations. 
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Nonlinear Longitudinal Dynamics Model 
In this paper, the aircraft is assumed rigid and its motion is restricted to the 
vertical plane only. The lateral-directional motions as well as the possible coupling 
with the longitudinal motion are neglected in this work. Thus, only the longitudinal 
equations of motion are relevant in describing the aircraft dynamics. The body-
fixed reference frame, Ox^ybzb, as shown in Figure 1 is used in expressing the 
equations of motion. 
Figure 1: Aircraft Body-fixed Reference Frame. 
Because of the maneuvers considered, the nominal forward airspeed (U) of 
the aircraft is assumed constant in this work, which in reality can be achieved by 
adjusting the thrust. For this reason, the thrust is no longer available as a control 
variable. For the longitudinal maneuvers, the aircraft is assumed to have elevators 
and flaperons for the controls. With these assumptions, the longitudinal dynamics 
can be described using three equations associated with angle of attack (a), pitch 




1 + tan a 
M 




where m is the mass of the aircraft and lyy is the aircraft moment of inertia about 
the^-axis. L, D, and Mare the aerodynamic lift, drag, and pitching moment, 
respectively, which in this case are modeled according to the followings: 
L = qS 
f
 c ^ C, +C, (a)a + C, (a)\— \q + C, 8e+C, 5 
'0 la V / lq V / 9 1 / P l5e e lSf -2V. 
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D = qS[cda + Cda + CdJe +Cds/5f] 
(2) 
M = qSc Q, +Cma (a)a + Cmf (a ) -^ \q + CmJe+Cmi5f 
where q and K, are the dynamic pressure and the total airspeed, respectively, 
defined below: 
Vt=^U2+w2 = ( / ( l + tan 2 a) ® 
In the above equations, p is the air density, S is the wing planform area, 
and c is the mean aerodynamic chord. Se and 8f are the elevator and flaperon 
deflection angles, respectively. In Equation (2), the coefficients Cx 's indicate 
the aircraft stability derivatives. 
The control surfaces (elevators and flaperons) may have limitations in terms 
of their maximum deflections and rates. These limitations are not included in the 
controller design in this paper. However, the resulting control surface deflections 
will be used to evaluate the practicability of the controller. The deflections of the 
elevators and flaperons of more than ±30° are considered not realistic. 
The stability derivatives are in general functions of angle of attack. For 
simplicity, however, only some are explicitly expressed as functions of angle of 
attack here. The dependency on angle of attack is in general influenced by the 
flight conditions, although the variations usually follow certain patterns. For 
example, Cl vs. a curve can usually be described quite well using a cubic 
polynomial in all flight conditions; however the coefficients of the polynomial to 
represent the curve accurately might vary with respect to the flight condition. 
Usually, the values of these coefficients can only be obtained accurately through 
flight tests. For this reason, a control design that relies on the values of these 
coefficients is not appropriate and this justifies the need for an adaptive type of 
controller. 
The following approximations are assumed in this work: 
C, =C, -C, a2 
<a la\ la2 
C, = C -C, a 
'q lq\ lql 
Cm =Cm -C a2 ( 4 ) 
ma maX mal 
Cm =Cm -Cm a2 
mq mqX mq2 
By using the above approximations and by defining: 
q* = \PU2 
2 ( 5 ) 
pa=l + tan a 
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the equations of motion (1) can be written as: 
a = 
Pa 
? + ^ c o s 0 ] - - — 1 7 c , + C a - C a3+(c, -C, a) 
U J mU l\ * ql ql ' 
c ^ 
2Vt 
cosa + (C^o + C^a)s ina 
8e+(Cis/ cosa + C ^ s ina)5 7 
q*S 
mU 
(Cdsecosa + Cdse since) 
0 = 
q*Sc Cm +Cm a-Cm a3+(c -Cm a)\ 
m0 maX ma2 \ mql mql p 
Pa 
q*Sc TE-(F.t.s. + cmv8f)p 
d = q 
The controller will be designed based on this set of equations. 
(6) 
Adaptive Controller Design 
Equation (5) can be written in the form that is more suitable for the controller 
design, as follows: 
z = h - 7 a + v 
6 = q 
where 
z = {a qf 
h = iq + (g/U)cosd)/pa 0}T 
a = 'jaf a j j with 
a I = ( T S / m ) h Clai Cla2 C/?, Clqi Cd<> Cd} 
a2=\0*Sc/Iyy]fm<s Cmai Cma2 Cmqi CmqJ 
(7) 
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\-BVL with 
-(q*S/m)(Clse cosa + Cdge since)pa -(q * S / mU)(ClSf cosa + CdSf since) 
(q*SciI„)C^pa (q*SclI„)CmfPa 
B = 
Y = [YX 72]with 
[cosa acosa -of cos a (c/2Vt)qcosa -(c/2Vt)aqcosa since asina 
0 0 0 0 0 0 0 
0 0 0 0 0 
\-pa -apa G?pa -(c/2V,)qpa (c/2Vt)aqpc Y,= (8) 
The goal of the controller is to achieve good maneuver performances in 
following a and 6 commands in any flight condition within the aircraft's flight 
envelope and within the limitations of the control surfaces. Such maneuver can 
be done in a relatively short period of time, and thus m and / can be assumed 
constant during the maneuver. Hence for a specific flight condition, the vector a 
in Equation (7) consists of constant elements. The controller adaptation scheme 
will be applied to these constants in order to achieve good performances over 
various flight regimes. Further, measurements for airspeed, angle of attack, pitch 
angle, and pitch rate are assumed available for feedback. With this assumption, 
all the elements of the 7-matrix are known. The control derivatives are also 
assumed known, and therefore the elements of 5-matrix are known. This last 
assumption is not too strict, however, since it is sufficient to know only their 
estimated values. The predicted errors of the estimation can then be considered 
as the unmodeled disturbances, which will be treated in the next section. 
In Equation (6), v acts as the control variable. The adaptive controller will be 
designed based on v. After the appropriate v has been calculated, the actual 
elevator and flaperon responses can be found using 
u = 5"1v (9) 
Since Equation (8) involves matrix inversion, the singularity condition needs 
to be examined. Matrix B will be singular when det(Z?) = 0, which leads to the 
following singularity condition: 
Q cm -cm c. 
t a n SV — Se 5f 5e Sf 
tan cc — (\ n\ 
C CA -CA C w 
mSe "Sf "Se mSf 
For the typical values of control derivative coefficients, this condition is 
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met only at relatively high a values, which are usually associated with flight 
conditions that are outside the flight envelope. For example, for the aircraft 
parameters used in the simulation (see Appendix), the above condition is met at 
a = -89° for the flight condition 1. Hence, it can be safely assumed that Equation 
(8) always leads to a solution within the flight envelope of the aircraft. 
For the control design, an intermediate variable s is defined, as follows: 
s = dt 
- + A 
\ddr 
0 
= x-x. (ii) 




x r = x d - A ( x - x d ) 
(12) 
Note that in Equation (10), an integration constant is defined within the 
integral of a. As will be shown later, this integration constant is useful to 
prevent the use of an excessive control effort, which may cause control saturation. 
Continuing with the controller design, the Lyapunov-like function below is 
defined: 
i c ^ c i ^ r - i ; F = | s i s + ^ - a i r - i a (13) 
In the above equation, a = a - a, where a indicates the estimate of a. T is a 
constant symmetric positive definite matrix, and hence, Fis a positive definite 
function. The time derivative of Fis 
F = s r ( h - r a + v - x r ) + a r r - 1 a 
Based on Equation (13), the following control law is selected: 
v = x r - h + F a - A ^ s 
(14) 
(15) 
where Kd is a constant symmetric positive definite matrix. By using this control 
law, Equation (13) becomes 
F = s r ( 7 a - A : f / s ) + a r r - 1 a 
Then, by choosing the adaptation law: 
(16) 
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k=-rrTs (17) 
Equation (15) becomes 
V = -sTKds (18) 
which is negative definite. It can be shown that V is bounded, so that by Barbalat's 
lemma[10], V —» 0 as / —>», which implies that s —> 0 as / —» °°. In other words, 
the tracking errors converge to zero in steady state. 
It can be observed from Equation (14) that the magnitude of the control 
depends on the magnitude of s. If s is large, the control action will also be large. 
If a step command is given to the system, then initially s is relatively large. To 
prevent the use of an excessive control effort, the integration constant in s can 
be adjusted such that the magnitude of s is small initially. 
Modification for Robustness 
The adaptive controller obtained in the previous section is modified further here 
to cope with the unmodeled disturbances, which could be contributed by 
modeling errors and time-dependent disturbances experienced by the aircraft, 
such as due to gusts or turbulences. Often times, although such disturbances 
are hard to model, their magnitudes can usually be predicted. It is assumed here 
that the bounds on the magnitude of such disturbances are known. The equations 
of motion of the aircraft with disturbances are 




where d is the unmodeled disturbance vector, which in general is a function of 
state variables and time. It is assumed 
|«/,|£Di ; 1=1,2 (20) 
with D known. 
The intermediate variables (10) are modified as follows: 
SM=Si-(l)i S a t 'O ;/ = i,2 (21) 
v r / J 
where 0, with i=1,2 are positive constants to be determined such that the stability 
of the system can be guaranteed in the presence of the disturbances. It is clear 
that: 
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S A = S (22) 
In the Lyapunov-like function (12), sA will be used instead of s, which 
yields: 
F = } s ^ s A + ^ a r r - 1 a (23) 
In this case, the same control law as given in Equation (14) is selected, so 
that 
F = s^(7a-/s:£/s + d ) + i r r - 1 a 
Then by choosing the adaptation law: 
(24) 




V = -sTAKdsA+i d-Kr 
V 02sat(^2 /02) 
(26) 
-v 
The second term in Equation (25) has the following properties: 
0 
S A d-Kn 
V 
^sa t^ ! /0i) 








if sA * 0 
(27) 
Therefore, to guarantee the stability of the system, the following condition 





This can be achieved by selecting 0; with i = 1,2 such that the inequality (28) 
is satisfied at any time. In the simplest case when Kd is diagonal, a simple choice 
of 0, that satisfies the inequality (28) is 
* , = 
D, 
K 
i = 1,2 (29) 
dt 
When Equation (28) is satisfied, it can be shown that V is bounded, and 
thus, by Barbalat's lemma, sA —> 0 as / —> <*> [10]. This implies that swill converge 
to the region where \st\ < 0, ;i = 1,2. In this case, the tracking errors do not 
converge to zero, however after some time their magnitudes are bounded by b,-1. 
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Since 0, is at our disposal, |0, | can be made small by selecting relatively large 
Kdr 
Note that the adaptation law (24) depends on sA. Hence, no adaptation is 
done in the region where |s,-|^0/ ;/ = l,2. Essentially, for robustness to 
unmodeled dynamics, an adaptation deadzone is given to the system. This 
adaptation deadzone is introduced to prevent the adaptation process from taking 
disturbances as useful information. 
Simulations 
The robust adaptive controller discussed previously is evaluated by applying it 
to a generic fighter aircraft. The longitudinal aircraft data for several flight 
conditions are given in Appendix. The data are typical for a small fixed-wing 
fighter aircraft. The disturbances used in the simulations are also given in 
Appendix. Unless specifically mentioned, the following values are used in the 
simulations: 
r = 10 In, where / is an n by n identity matrix. 
Kd=5I2 (29) 
A = 4 
D = [0.1 O.lf 
First, the effect of the integration constant in (10) is simulated. Figure 2 
compares the responses of the aircraft in flight condition 1 (see Appendix) for 
two cases: 
a. Zero integration constant, and 
b. Integration constant = — y , where 0d is a step command of 0. 
The choice of the integration constant value in case b is to make sY (t = 0) = 0. 
As can be seen from the figure, the trajectories of s{ differ significantly between 
the two cases. In case b, the magnitude of sx is kept small initially, which results 
in reduced control efforts when compared to case a. The reduction is especially 
significant for the flaperon, since it is directly influenced by sv This in effect 
reduces the rise time of the angle-of-attack response, but eliminates the overshoot 
in the response and it does not affect the time to reach the steady state. The 
effect of the integration constant on pitch angle response is only minor. For 
practical purposes, the reduction in the control efforts in case b. does not degrade 
the system performance, and in fact the response can be considered better due 
to the elimination of the overshoot in the angle-of-attack response. It can also be 
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Figure 2: System responses using controller with zero integration constant 
(dashed curves) and with integration constant = - OJX (solid curves) 
for flight condition 1 
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observed from Figure 2 that the trajectories of sx and s2 converge to the region 
where \st \<(j)i;i = 1,2; as predicted by the theory. 
Figure 3 shows the responses of the system for two different values of Kd 
and T. 
The performance of the system for the larger Kd and T values is slightly 
better, however it also necessitates larger control efforts. In practice, a tradeoff 
should be made between the performance gain and the control effort for 
t (sec) 




curves) and using T = 10/12, Kd = 512 (solid curves) for flight condition 1 
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various conditions. Kd and T should be adjusted based on the result of such 
tradeoff. 
The responses of the aircraft to the step commands of ad = 20° and 
6d = 30° for four different flight conditions (as given in Appendix) are also 
simulated. In the simulations, the integration constant of-6d/X is used. The 
Figure 4: Responses to ad = 20° and 6d = 30° in Flight Condition 1 
Figure 5: Responses to ad = 20° and 0d = 30° in Flight Condition 2 
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Figure 6: Responses to ad = 20° and 6d = 30° in Flight Condition 3 
Figure 7: Responses to ad = 20° and 0d = 30° in Flight Condition 4 
results of the simulations for zero initial values of the state variables and the 
parameter estimates are presented in Figures 4 to 7. 
These results show that the controller designed using the robust adaptive 
approach performs fairly well, yielding consistent performances in different flight 
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Figure 8: Responses to ad = -5° and 0d = 20° in Flight Condition 1 
conditions. Some unnatural maneuvers are also simulated. Figure 8 shows an 
example of such a maneuver. 
It can be observed that relatively large control efforts are needed for such a 
maneuver. Providing the necessary control actions are available, the controller 
also yields fairly good aircraft responses in such situation. 
Conclusions 
A longitudinal control system for a high performance aircraft has been designed 
using a robust adaptive technique. The resulting controller is guaranteed to be 
stable for a set of specified disturbance bounds. Reduction in control efforts 
with relatively no degradation in the resulting performance has also been 
discussed by adjusting the integration constant in the integral control part 
within the controller. The simulation shows that the controller can achieve good 
and consistent performances over a wide range of flight conditions. 
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Appendix 
Longitudinal aircraft data at various flight conditions 
Flight Condition 1 
/w = 9773kg, 7^ = 127512kgm2, 5=33.75m2 
altitude = 0 ft, M= 0.6 
C, =0 
'0 C, =4 
'al 
C, = 6 
'a 2 
C, =2.5 
C, = 0 
9 2 C, =0.68 
C, = 4 
Q o = 0 














= 0.06 sin St Disturbance: dx = 0 . 0 4 sin 1 Of 
Flight Condition 2 
w = 9500 kg, 7^=121000 kg m^S= 33.75 m2 





w a 2 
Cm =0 
mq\ 
Cm = 8 
Cm = - 1 . 2 
Cm = - 0 . 0 5 
Disturbance: dx = 0.06 sin 8/ d2 = 0.1 sin 10/ 
C, = 0 
C, = 4 
C, =12 
'a 2 
C, = 2 
C, = 0 
9 2 C, =0.72 
C, = 4 
Q o =0.04 
Cda = 0.4 
C,&=0.01 
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m = 9700 kg, Iw =123125 kg m2, S= 33.75 m2 
Flight Condition 3 
  , 7 123 
C» yy 
altitude = 9000 ft, M= 0.8 
C, =0 Cd =0.04 
'0 "0 
C, = 4 C, =0.45 
'al "a 
C, =6 Crf =0.01 
'a 2 dSe 
C, =3 Cd =0.1 
C, =0 
' , 2 
C, =0.68 
lSe 
Cx = 4 
















d2 = 0.05 sin 6t 
Flight Condition 4 
m = 9840 kg, 7 =128 
t » yy 
altitude = 10000 ft, M= 0.9 
  , ^  000 kg m2, S= 33.75 m2 
C, =0 
'0 C, =3.9 
C, =7 
'a 2 C, =3.5 
C, = 4 
C, =0.5 lSe 
C, = 4 
Crfo=0.04 
Crf =0.4 
"a Crf =0.01 
Cd =0.1 
Cm = 0 
C =-0.65 
Cm =-0-9 
w a 2 Q, =-1 
mq\ Cm =12 
w?2 Cm =-1.36 m& 
Cm =-0.05 
mSf Disturbance: dx = 0.01 sin 1 It d2 = 0.03 sin 10? 
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that are allied to mechanical engineering. The 
contributions should be based on original research 
works. An attempt will be made to review the 
submitted contributions with competent internal and 
external reviewers as to the suitability of the paper for 
satisfying the objectives of the journal. 
All papers submitted to JMechE are subjected to a 
rigorous reviewing process through a worldwide 
network of specialized and competent referees. To 
be considered for publication, each paper should 
have at least two positive referee's assessments. 
General Instructions 
Manuscripts intended for publication in the Journal 
FKM should be written in camera ready form with 
production-quality figures and done electronically in 
Microsoft Word 2000 (or above) and submitted along 
with one hard copy. Manuscripts should be typed 
using Times New Roman font (point 10) on one 
side of the paper (A4 size), single-spaced, with wide 
margins (1 in left and right, and 1 in on top and 
bottom). The manuscript should include the title of 
the paper; the author's name and affiliation; a short 
abstract of between 200 and 300 words which clearly 
summarises the paper; and a list of keywords. Limit 
your submission to a maximum of 20 typed pages. 
Keywords 
Keywords supplied by the author should appear 
on a line following the abstract. The keywords 
selected should be comprehensive and subject 
specific. Maximum of five keywords should be 
sufficient to cover the major subjects of a given 
paper. General terms should not appear as 
keywords, as they have little use as information 
retrieval tools. Please choose, keywords to be as 
specific as possible and list the most specific first, 
proceeding to the most general last. 
Units 
All scientific and technical data presented should 
be stated in SI units. 
Footnotes 
Footnotes should be kept to an absolute minimum 
and used only when essential. 
Formulae 
Formulae should be typewritten using MS Word 
compatible Equation Editor. 
Tables 
Tables, should be included within the text where 
appropriate and must be numbered consecutively 
with Arabic numerals and have titles that precede 
the table. They should be prepared in such a manner 
that no break is necessary. 
Figures 
Authors should appreciate the importance of good-
quality illustrations. All graphs and diagrams should 
be referred to, for example, Figure 1 in the text. All 
figures must be numbered consecutively with Arabic 
numerals. A detailed caption should be provided 
below each figure according to the following format: 
Figure 1: (a) A simple 2-D cantilever and (b) 
microcantilever with a diamond probe. 
Figures should be embedded within the text where 
appropriate. Glossy photographs when required 
should be scanned to a resolution suitable with the 
reproduction requirements (1200 dpi generally will 
be sufficient). 
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